Clonal populations of cells exhibit cell-to-cell variation in the transcription of individual genes. In 22 addition to this "noise" in gene expression, heterogeneity in the proteome and the proteostasis 23 network expands the phenotypic diversity of a population. Heat shock transcription factor (Hsf1) 24 regulates chaperone gene expression, thereby coupling transcriptional noise to proteostasis. 25 Here we show that cell-to-cell variation in Hsf1 activity is an important determinant of phenotypic 26 plasticity. Budding yeast cells with high Hsf1 activity were enriched for the ability to acquire 27 resistance to an antifungal drug, and this enrichment depended on Hsp90 -a known 28 "phenotypic capacitor" and canonical Hsf1 target. We show that Hsf1 phosphorylation promotes 29 cell-to-cell variation, and this variation -rather than absolute Hsf1 activity -promotes antifungal 30 resistance. We propose that Hsf1 phosphorylation enables differential tuning of the proteostasis 31 network in individual cells, allowing populations to access a wide range of phenotypic states. 32 33 34 42 metastasis, organ regeneration in planarians, bacterial persistence in the presence of 43 antibiotics, and the ability of yeast cells to remain fit in fluctuating environments (Harms et al., 44 2016; Newman et al., 2006; Oderberg et al., 2017; Silva and Smith, 2008; Ye and Weinberg, 45 2015). While differences in cell size, cell cycle position and chromatin state can partially account 46 for cell-to-cell variation, much of the variability has been attributed to the inherently stochastic 47 process of gene expression (Colman-Lerner et al., 2005; Raj and van Oudenaarden, 2008; 48 Raser and O'Shea, 2005). Despite the underlying stochasticity, gene expression variation itself 49 varies widely across the genome, with some sets of genes showing very low variation among 50 cells (e.g., ribosomal protein genes) and other sets of genes (e.g., stress responsive genes) 51 showing high levels of variation (Newman et al., 2006). Yet, individual genes within these 52 regulons show strong covariance, indicating the source of the variation lies in the activity of 53 upstream transcription factors and signaling pathways (Stewart-Ornstein et al., 2012). As such, 54 cell-to-cell variation may be a property that is under genetic control and can be tuned up and 55 down over evolution. 56 57 On top of this gene expression variation, cell-to-cell differences also exist in the state of the 58 proteome. Perhaps the most striking examples of proteome variation come from prion proteins, 59 which can exist in either soluble or self-templating amyloid conformations (Shorter and 60 expression of its target genes (Zheng et al., 2016). Heat shock also triggers Hsf1 hyper-77 phosphorylation. Although phosphorylation is a conserved hallmark of Hsf1 activation, it is 78 dispensable for acute Hsf1 activity during heat shock. Rather than switching Hsf1 on, 79
INTRODUCTION
Genetically identical cells grown together in the same environment nonetheless display cell-to- . Such variation has been proposed to be the mechanistic underpinning of lineage 41 commitment during human development, the epithelial to mesenchymal transition in cancer Lindquist, 2005) . Prions have been shown to have the ability to broadly reshape the proteome 61 by challenging chaperones and other components of the protein homeostasis (proteostasis) 62 machinery and even by globally altering protein translation (Serio and Lindquist, 1999; Shorter 63 and Lindquist, 2008). Moreover, chaperones themselves can exist in large heterotypic 64 complexes that differ between cells in what has been termed the "epichaperome," giving rise to 65 altered susceptibility of cancer cells to drugs that target the essential chaperone Hsp90 (Rodina Heat shock factor 1 (Hsf1) regulates the expression of many components of the proteostasis 73 machinery -including Hsp90 -in eukaryotes from yeast to humans (Anckar and Sistonen, 74 2011). In unstressed budding yeast cells, a different chaperone, Hsp70, binds to Hsf1 and 75 restrains its activity. Upon heat shock, Hsp70 dissociates from Hsf1 leaving Hsf1 free to induce 76 5 level heterogeneity in its activity. We propose that by coordinately controlling cytosolic 86 chaperone genes including Hsp90, Hsf1 promotes phenotypic plasticity. 87 
88

RESULTS
89
Differential cell-to-cell variation in Hsf1 activity in response to heat shock and AZC 90 In addition to heat shock, Hsf1 is known to respond to a variety of chemical stressors that impair 91 proteostasis. In particular, the small molecule azetidine 2-carboxylic acid (AZC) is known to 92 strongly activate Hsf1 (Trotter et al., 2002) . AZC is a proline analog that is charged onto tRNA pro 93 and incorporated into nascent proteins during translation, impairing their subsequent folding 94 (Fowden and Richmond, 1963) . Our previous mass spectrometry data indicated that Hsf1 95 displays distinct phosphorylation patterns in cells that had been heat shocked compared to cells 96 treated with AZC (Zheng et al., 2016). To explore these differences, we monitored 97 phosphorylation of FLAG-tagged Hsf1 following heat shock and treatment with AZC by 98 observing its electrophoretic mobility over time by western blot. Heat shock induced progressive 99 and sustained Hsf1 phosphorylation leading to a dramatic shift in its mobility over the heat Fluconazole resistance correlates with variation in Hsf1 activity, not its magnitude 176 Since the high expression tail of the HSE-YFP distribution was enriched for cells able to acquire 177 resistance to fluconazole, we hypothesized that if we could increase the average HSE-YFP 178 expression, we could increase the ability of cells to acquire fluconazole resistance. To test this, 179 we expressed wild type Hsf1 from a promoter under the control of a synthetic, estradiol-180 responsive (ER) transcription factor (Zheng et al., 2016). In this way, we could titrate the amount 181 of estradiol to tune the expression level of Hsf1, and thereby control the expression level of its 182 target genes and the HSE-YFP reporter. In parallel, we also expressed Hsf1 Δpo4 using the same 183 system to determine if the deficit in cell-to-cell variation could be overcome by increasing the 184 absolute expression ( Figure 4A ). We grew the wild type and Hsf1 Δpo4 cells in a dilution series of 185 estradiol, maintained growth at OD 600 < 0.5 for 18 hours and measured the HSE-YFP reporter. 186 Estradiol induced dose-dependent induction of the HSE-YFP in both wild type and Hsf1 Δpo4 187 cells, though with a steeper curve for Hsf1 Δpo4 cells ( Figure 4B , C). At all doses of estradiol, wild 188 type had higher CV 2 in the HSE-YFP reporter than Hsf1 Δpo4 cells ( Figure 4B , D). We tested the 189 ability of cells expressing wild type Hsf1 and Hsf1 Δpo4 at low (1 nM), medium (8 nM) and high (32 190 nM estradiol) levels to acquire resistance to fluconazole ( Figure 4E) . Surprisingly, increasing 191 median HSE-YFP did not increase resistance: both wild type and Hsf1 Δpo4 cells showed maximal 192 resistance at low Hsf1 expression ( Figure 4F ). However, wild type cells showed greater 193 resistance at all Hsf1 expression levels than Hsf1 Δpo4 cells ( Figure 4F 
